Diffusion of tracer particles in the cytoplasm of mammalian cells is often anomalous with a marked heterogeneity even within individual particle trajectories. Despite considerable efforts, the mechanisms behind these observations have remained largely elusive. We performed extensive single-particle tracking experiments on quantum dots in the cytoplasm of live mammalian cells (unperturbed or after disrupting the cytoskeleton). Analyses of the trajectories reveal a strong, microtubule-dependent subdiffusion with antipersistent increments and a substantial heterogeneity. Comparison to simulations highlight that the motion can be fully described as an intermittent fractional Brownian motion, alternating between two states of different mobility. Our data indicate transient associations with the endoplasmic reticulum (ER) network to be key for the low-mobility state. In addition, the ER couples the particle motion indirectly to active, cytoskeleton-based transport processes.
Diffusion of tracer particles in the cytoplasm of mammalian cells is often anomalous with a marked heterogeneity even within individual particle trajectories. Despite considerable efforts, the mechanisms behind these observations have remained largely elusive. We performed extensive single-particle tracking experiments on quantum dots in the cytoplasm of live mammalian cells (unperturbed or after disrupting the cytoskeleton). Analyses of the trajectories reveal a strong, microtubule-dependent subdiffusion with antipersistent increments and a substantial heterogeneity. Comparison to simulations highlight that the motion can be fully described as an intermittent fractional Brownian motion, alternating between two states of different mobility. Our data indicate transient associations with the endoplasmic reticulum (ER) network to be key for the low-mobility state. In addition, the ER couples the particle motion indirectly to active, cytoskeleton-based transport processes.
The cytoplasm of mammalian cells is a complex aqueous environment, crowded with large amounts of macromolecules [1, 2] and a multitude of membrane-enveloped organelles of largely varying sizes. Diffusion of supposedly inert tracer particles in the cytoplasm of living cells has frequently been reported to be anomalous with a sublinear scaling of the mean square displacement (MSD), r 2 (τ ) ∼ t α (α < 1) on spatio-temporal scales below a few micrometers and several seconds [3] [4] [5] . The emergence of subdiffusive motion appears in many cases to be consistent with a stochastic process of the fractional Brownian motion (FBM) type [6] [7] [8] , i.e. a self-similar Gaussian process with stationary increments whose features are determined by the Hurst coefficient H = α/2 [9] . FBM dynamics is subdiffusive for 0 < H < 1/2 and trajectories are characterized by antipersistent, i.e. anticorrelated, increments. A plausible interpretation for such antipersistent memory effects is a viscoelastic environment [10] [11] [12] [13] [14] [15] with a complex shear modulus that scales as G(ω) ∼ ω α , where the elastic and the viscous parts are responsible for the FBM memory and for energy dissipation, respectively.
Subdiffusion has long been recognized to emerge in solutions crowded with macromolecules, with an anomaly exponent α that decreases with crowder concentration [16, 17] . However, the value of α is often observed to be considerably lower in the cytoplasm than in similarly crowded artificially fluids, e.g. α ≈ 0.6 [10, 18] versus α ≈ 0.8 [11, 14] . Therefore, it is currently understood that subdiffusion in the cytoplasm may not be caused solely by macromolecular crowding but also relies on additional mechanisms. As of yet, no general agreement exists for a physical model that can reliably describe cytoplasmic subdiffusion in detail. Further, subdiffusion is * Corresponding authors: diego.krapf@colostate.edu, matthias.weiss@uni-bayreuth.de not universal but depends on tracer size, e.g. for particles in reconstituted entangled actin filament networks, where α can be continuously tuned between zero and unity as a function of particle radius and average mesh size [19] . Beyond such caging effects, it has also been proposed that non-inert crowders may strongly alter the dynamics of cytoplasmic particles [20, 21] . Extensive Monte Carlo simulations have supported this hypothesis [22] . More recently, also experimental support has been obtained via single-particle tracking (SPT) on surface-modified tracer particles in the cytoplasm of HeLa cells: The emergence of subdiffusion and the value of α was shown to depend both on particle size and non-specific interactions to the cytoplasmic interior [18] . Yet, the identity of the cytoplasmic binding partners that enforce the emergence of subdiffusive motion has remained elusive. Potential candidates include the cytoskeleton and organelles, e.g. the endoplasmic reticulum (ER) network that pervades the cytoplasm [23] .
Further, local variations in complex media are noticeable in the motion of particles therein: (Sub)diffusion in cellular fluids has been observed to be heterogeneous even within individual trajectories [24] [25] [26] , suggesting heterogeneous diffusion processes [27] or spatiotemporal variations of transport coefficients [28] [29] [30] . Despite the elegance of these theoretical models, it remains an open question how a distribution of apparent diffusivities emerges in the first place. A potential source might be the ambient active noise in the cytoplasm, i.e. the chemically induced rattling and shaking of the environment due to the non-equilibrium action of molecular motors and cytoskeletal filaments. In fact, breaking down cytoskeletal filaments alters the subdiffusive motion of organelle structures in mammalian cells [31, 32] and also compromises the superdiffusive motion of beads in migrating amoebae [26] . Taken together, it is currently neither clear (i) which mechanism regulates the value of the anomaly exponent α in the cytoplasm nor (ii) how one should picture the emergence of heterogeneous subdiffu-sion due to non-specific interactions in an actively driven environment.
Here, we address these points by extensive SPT experiments on individual quantum dots loaded into the cytoplasm of living mammalian cells. In particular, we quantify the particles' motion in the cytoplasm of untreated cells and in cells where the actin or microtubule cytoskeleton has been disrupted. Upon breaking down microtubules, a significant change towards more subdiffusive motion is observed. By comparing our experimental data to the dynamics of organelles, we arrive to the conclusion that non-specific binding of tracers to the vast ER network is responsible for the emergence of a marked cytoplasmic subdiffusion. The ER is further responsible for coupling the dynamics of cytoplasmic particles to active microtubule-based processes. Our experimental data are well described by an intermittent FBM model that switches stochastically between a higher or lower mobility while moving in the aqueous cytosol or on segments of the ER network, enforcing a heterogeneous FBM-like transport of tracers that is characteristic of the cytoplasmic subdiffusion in eukaryotic cells.
To explore the heterogeneous subdiffusion in the cytoplasm of mammalian cells, we performed extensive SPT on quantum dots that had been introduced into the cytoplasm of cultured HeLa cells by bead loading [33, 34] . Measurements were performed with a sampling time of ∆t = 100 ms, and quantum dot trajectories were first evaluated in terms of their time-averaged MSD (TA-MSD) using N = 100 or N = 500 positions,
Following previous reports [18, 35, 36] , individual TA-MSDs were fitted with a simple power law r 2 (τ ) t = K α τ α in the range ∆t ≤ τ ≤ 10∆t to extract the anomaly exponent α and the generalized diffusion coefficient K α . The resulting probability density function (PDF) of anomaly exponents, p(α), showed considerable trajectory-to-trajectory fluctuations around a mean α ≈ 0.57 ( Fig. 1a and Fig. S1a [34]) that slightly depends on the trajectory length N (Table I) .
To probe a potential perturbation of the power-law scaling due to static and dynamic localization errors [37] , and to validate the significance of the mean exponent α , we exploited a bootstrapping approach: From the whole set of calculated TA-MSDs we drew randomly a non-exhaustive ensemble of 100 curves, averaged these geometrically, and used again a simple power-law fit to extract the scaling exponent α of the resulting ensembleaveraged TA-MSD (see [34] for details). Repeating this approach M = 200 times, we noted that none of the ensemble-averaged TA-MSDs showed a significant offset in the extrapolated limit t → 0 ( Fig. S2 [34] ), i.e. static and dynamic localization errors appear to cancel each other in our data and therefore fitting with a simple power law gives meaningful results for α. Fig. S1a [34] ). Using a bootstrapping approach with geometric averaging (diamonds with full lines being Gaussian fits) resulted in narrower PDFs with the same mean anomaly exponent. (b) PDFs of the generalized transport coefficient Kα, obtained by the bootstrapping method, roughly have a lognormal shape (full lines) in untreated and nocodazoletreated cells. Short trajectories (N = 100, histograms with color-coding as before) exhibit a small change upon disrupting microtubules whereas longer trajectories (N = 500) appear more sensitive to treatment with nocodazole (squares and circles). Supposedly, a low Kα facilitates the acquisition of longer trajectories, biasing the data for N = 500.
The PDF of α values obtained with the bootstrapping approach (Fig. 1a ) was very narrow with a mean α that matched the respective value found before via individual TA-MSDs (Table I) . Geometric averaging of TA-MSDs boils down to an arithmetic averaging of individual α values (but not of K α ). Thus, the narrow width of p(α) after bootstrapping is determined by σ/ √ M , where σ is the standard deviation of α derived from individual TA-MSDs. An arithmetic instead of a geometric averaging of TA-MSDs leads to an overestimation of the mean scaling exponent (Table I and Fig. S1b [34] ).
Being interested in how cytoplasmic diffusion is affected by the cytoskeleton, we applied either nocodazole to break down microtubules, or cytochalasin D or latrunculin A to disrupt actin filaments. Disrupting microtubules changed the diffusion anomaly substantially ( Fig. 1a and Table I ) whereas disrupting actin networks had no significant effect (Table I) . Transport coefficients K α showed a higher sensitivity to microtubule disruption and also a stronger dependence on trajectory length (Fig. 1b ). Similar to previous observations on the dynamics of the ER [32] , the effect of nocodazole on K α was not particularly strong for short trajectories. For longer trajectories (N = 500), however, a marked shift to smaller transport coefficients was visible upon microtubule disruption. This puts up a caveat that longer trajectories may represent a distinct subset of the acquired data, e.g. a lower mobility facilitating the tracking, but it also indicates that microtubule-associated processes significantly contribute to the diffusion anomaly in untreated cells beyond a change in the scaling of MSDs. Going beyond the MSD, we analyzed the ensemble average of the velocity autocorrelation function (VACF),
that is highly sensitive to the nature of unconfined anomalous diffusion processes [38, 39] . Here, v(t) = [r(t + δt) − r(t)]/δt is the velocity at time t, given via the increments in a period δt. Varying δt = k∆t in multiples of the sampling time ∆t, the VACFs showed in all cases a pronounced negative peak for τ = δt as expected for antipersistent random walks. By rescaling the times as ξ = τ /δt, all VACF traces collapse to a single master curve that agrees with the analytical predictions for FBM ( Fig. 2 and Fig. S3a [34] ), namely
with α being set to the value α found with the bootstrapping protocol (Table I) . We emphasize the exceptional agreement of the experimental data with Eq. (3) without any fitting parameters since other antipersistent random walk data, e.g. from membrane proteins, can deviate significantly from the FBM prediction (see Fig. S3b [34] for an example). Next we inspected the PDF of the normalized increments χ δt within a time lag δt [25] . The time series ∆x i = x i+k − x i and ∆y i = y i+k − y i were calculated and normalized by their mean step lengths |∆x i | and |∆y i | for each trajectory. Since no systematic differences were observed between x-and y-directions, all normalized increments were combined into a single set of χ δt . For a homogeneous FBM, a Gaussian PDF p(χ δt ) is expected for all δt. Yet, for small δt our data showed significant deviations from a Gaussian in the tails of the distribution (Fig. 3 ). This suggests that individual trajectories are heterogeneous, i.e. the particle mobility changes within the trajectory. For δt = 10∆t, this heterogeneity subsides, collapsing the increment statistics to the anticipated Gaussian (Fig. S4 [34] ). Based on the observation of a heterogeneous and cytoskeleton-dependent subdiffusion of quantum dots in the cytoplasm, we hypothesized that an intermittent FBM model can correctly describe the data. Moreover, the similarities of α in Table I with previously reported data for ER structures [32] triggered the idea that quantum dots transiently associate with the ER network between periods of exploring the surrounding aqueous cytosol. We therefore modeled the dynamics of individual particles as FBM with fixed anomaly α 0 and a transport coefficient that randomly switches within each trajectory (see [34] for technical details). Particles were assumed to exist in 'on' and 'off' states with coefficients K on α < K off α , representing ER-associated and free motion. Dichotomous switching between these states was modeled as a Markov process with transition rates k on and k off . In our simulations we kept these rates and the ratio s = K on α /K off α fixed, and chose α 0 = 0.5 (α 0 = 0.3) for untreated (nocodazole-treated) cells, in accordance For δt = 10∆t, experimental data and simulations follow a Gaussian for all χ (cf. Fig. S4 [34] ).
with the previously reported anomaly values for ER junctions [32] . Despite the simplicity of this model, we observed a surprisingly good overlap with our experimental data for s = 3.5, k on ≈ 0.27 s −1 , and k off ≈ 0.01 s −1 : First, the mean anomaly of simulated realizations, extracted from TA-MSDs, was α ≈ 0.55 and α ≈ 0.37, respectively, in agreement with the experimental observations (Table I) . The slightly larger value as compared to the imposed value α 0 is a consequence of the dichotomous switching that perturbs the pure FBM behavior. Second, when using the respective value α , the VACF showed the same agreement with Eq. (3) as the experimental data (insets of Fig. 2 and Fig. S3a ). Third, the non-Gaussian shape of the increment statistics χ δt for δt = ∆t and the more Gaussian shape for δt = 10∆t are almost perfectly matched ( Fig. 3 and Fig. S4 [34] ). Hence, a switching between just two states is sufficient for reproducing key features of our data. The dichotomous process predicts that the ensembleaveraged autocorrelation function of fluctuations in the squared increments ∆r 2 (t) = |r(t + ∆t) − r(t)| 2 , defined as
should show a characteristic long-lasting decay that depends only on the dwell times in the two states. Essentially, G(τ ) describes how long a random walk is fueled by a homogenous PDF of steps with a given mean length before switching to a different mean step length. For pure FBM trajectories, G(τ ) = 0 for τ > ∆t ( Fig. S5 [34] ) whereas the intermittent model yields G(τ ) ∼ exp[−(k on + k off )τ ] for sufficiently long trajectories [40] . For small N , however, the fairly slow switching is not sampled well within each trajectory, leading to strongly fluctuating asymptotic zero lines that are eventually ensemble-averaged. As a result, a long-lasting decay emerges that appears to be unbounded. This prediction of the intermittent FBM model also agrees surprisingly well with the behavior of the experimental data ( Fig. 4 ).
To probe more directly the apparent mobility switching within individual trajectories, we employed a recently developed analysis based on a trajectory's local convex hull [41] (see [34] for details). This analysis confirmed the existence of at least two mobility states ( Fig. S6a) and indicated a markedly larger mean residence time in the lowmobility state (Fig. S6b ) for untreated and nocodazoletreated cells with an apparently Markovian switching between these two states. Moreover, the obtained PDFs for the residence times of experimental trajectories were in favorable agreement with results obtained from trajectories of the intermittent FBM model, giving further support to the validity of the model.
What do our results imply and how can they be interpreted? Our experimental data are well described by an intermittent FBM model in which we have set α 0 = 0.5 for untreated cells and α 0 = 0.3 in the nocodazole-treated case. The same anomaly values have been observed experimentally for the motion of ER nodes in (un)treated cells [32] , suggesting that interactions with the ER are the dominant cause of a marked subdiffusion in cytoplasm. Transient association with the ER hampers free diffusion but also couples the particle motion to active microtubule-based processes. As a result, microtublemediated active noise leads to enhanced fluctuations in the motion of tracer particles transiently bound to the ER network, without binding of the particles to microtubules. The resulting diffusion heterogeneity does not require a full and elaborate model but rather a switching between two modes of motion (ER-associated and free) is sufficient to reproduce the experimental results. Overall, subdiffusion in the cytoplasm is indeed a considerably more complex phenomenon than anomalous diffusion in artificial fluids crowded with passive macromolecules.
